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Abrasion-resistanceAntireﬂective (AR) ﬁlms were prepared by the sol–gel method and dip-coating process by using
tetraethylorthosilicate (TEOS) as silica precursor. Silica nanoparticle (SiO2-NP) sol was ﬁrst synthesized via clas-
sical Stöber method, and then SiO2-NPs in sol were chained in series by linear silicate polymers (SiO2-LPs) to im-
prove the ﬁlm abrasion-resistant property. To further increase the transmittance of the SiO2-LP/NP composite
ﬁlm, the template agent CTAB was introduced into the SiO2-LP/NP composite sol. The experimental results re-
vealed that the abrasion-resistant property had been enhanced with the increase of SiO2-LPs addition and the
pencil hardness of the composite ﬁlm had reached 6H when the mole ratio of SiO2-LPs to SiO2-NPs was 0.7:1.
Meanwhile, the transmittance was optimized when nCTAB:nLPs was equal to 0.15:1 in the composite sol, and at
thismole ratio the average transmittance of the glass substrate coatedwith AR ﬁlmwas about 98.5% in thewave-
length range of 400–800 nm, while that of the bare glass substrate was just 91.5%. Trimethylchlorosilane (TMCS)
treatment was ﬁnally used to provide AR ﬁlms with hydrophobicity. The water contact angle was signiﬁcantly
increased from 6° to 120° after TMCS treatment, affording the AR ﬁlms excellent environmental resistance.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
To increase the transmittance of optical devices, AR ﬁlms are always
employed to reduce the optical loss, which is determined by the devices
their ownnature, to improve the practical performance of these devices,
such as cathode ray tubes (CRT) [1], shieldingwindows [2], high-power
lasers [3], solar collectors [4–6] and other applications [7]. As more at-
tentions are paid to solar energy, the study of solar utilization rate has
made an unceasing progress. The efﬁciency of solar collectors for the
production of electricity depends primarily on the intensity of the inci-
dent sunlight. However, a basal drawback of any transparent cover ma-
terials that are used to create the vacuum for thermal insulation in
concentrating solar power (CSP) systems is the reﬂection of the incident
sunlight. Thus, the application of AR ﬁlms is extraordinarily important
to solar power plants. In consideration of further practical application,
AR ﬁlms with high transmittance are also required to obtain good
abrasion-resistant property to extend the working life and certain hy-
drophobic capacity to resist the damage of humid environment.ng),
u.cn (H. Wang),
.
. Open access under CC BY-NC-ND licFor the advantage of easy operation and cost saving, normal sol–gel
process has been widely used to produce AR ﬁlms [8–10], especially in
the application of covering both sides of the non-ﬂat evacuated solar
thermal glass tubes. Generally, silicon dioxide is the main material for
AR ﬁlms on glass surface. The silica sols can be prepared by the base
or acid catalyzed processes using TEOS as precursor and the dip-
coatingmethod of silica sols on glass surface is a commonway to obtain
AR function [4,11,12]. Base-catalyzed sols, synthesized by the means of
the typical Stöber method, usually yield to silica particle sols [13]. After
both sides of the glass (refractive index n = 1.52) are coated with sols
via dip-coating method, silica particles stack into ﬁlms with pore struc-
tures. As a result, the refractivity can be decreased to about 1.23 and the
transmittance can be obtained as high as 99%. Since only physical forces,
instead of chemical bonds, exist among individual silica particles and
between the particle and the glass substrate surface, the ﬁlmswill be ir-
reversibly damaged even by gentle external forces [14]. Thus, the ﬁlms
are unable to be utilized in harsh environment and their applications
are signiﬁcantly limited by the poor mechanical strength. Up to now,
much research has been conducted to improve the abrasion-resistance
property and the mechanical strength of SiO2-NP-composed ﬁlms.
HiromitsuKozuka published hiswork on preparing scratch-resistant sil-
ica particle ﬁlms with high temperature post-treatment. The hardness
of the ﬁlms directly reached 9H after 1100 °C treatment while 6B
when they were treated below 1000 °C. However, the heat treatment
promoted the silanol groups over condensation, leading to a higher
rank of hardness but, meanwhile, increased the refractive index [15].
Belleville deposited abrasion-resistant silica particle ﬁlms strengthenedense.
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ment tended to bring about unpredictable effects on transmittance [16].
With TEOS in sol catalyzed by acid, TEOS are incompletely hydro-
lyzed and yield to hyrdroxyl (−OH) and residual oxyethyl (−OEt)
groups, leading to linear structures with branches [14]. After coating
process, with solvent volatilizing, the condensation of silanol groups
(Si–OH) and residual oxyethyl groups occurs gradually andmore chem-
ical bonds form [17]. With these internal cross-linked chemical bonds
and interface chemical bonds with glass substrate, acid-catalyzed ﬁlms
demonstrate much better scratch-resistance property, but dense struc-
ture with high refractive index [14]. Researchers have tried to mix the
resultant sols respectively catalyzed by base and acid with different
sol ratios to regulate ﬁlm refractive index and take overall consideration
of transmittance and scratch resistance [18,19]. However, because both
the resultant sols had respectively completed the hydrolysis and con-
densation reactions before mixing, hardly any chemical bonds would
generate between silica particles after mixing and the improvement in
scratch resistance was still limited. Wu et al. have also published work
on further strengthening the scratch resistance of porous silica ﬁlms
by synthesizing acid-catalyzed silica sol directly in the reﬂuxed base-
catalyzed silica sol [20]. Similarly, an inescapable trouble exits in this
method: if the mole ratio of the products catalyzed by the acid to the
products catalyzed by the base increases, the abrasion-resistance im-
proves, but transmittance declines; conversely, the ratio decreases, the
transmittance enhances, but the abrasion-resistance decreases.
The stability of AR ﬁlms for extensive applications is also a vital as-
pect that should been taken into account. Usually, ﬁlms prepared by
sol–gelmethod are rich in residual silanol groups for their larger speciﬁc
surface. Because of silanol groups with high surface energy, silica ﬁlms
usually exhibit excellentwaterwettability [21]. In their applications, sil-
ica AR ﬁlms are easy to induce the adsorptions of water vapor and con-
taminants in humid surroundings. The adsorption blocks the pores in
ﬁlms, which results in a deterioration of the optical properties, and,
thereby, the refractive index of the ﬁlms increases, and the AR property
deteriorates and even disappears [22]. Obviously, the outstanding wet-
tability is not good for the applications of AR ﬁlms after all, and seems toEtOH, H2O, NH4OH, TEOS 
Stirring and then Aging 
Reflux 
Sol-A 
EtOH, H
Stirring and then Aging 
Sol-B
CTAB
Fig. 1. The main procedure for pbe a deadly disadvantage. Post-grafting group with low surface energy
has been proposed to eliminate silanol groups so as to preventmoisture
absorption and enhance the surface hydrophobicity. Organosiloxanes
and ﬂuorine organosiloxanes are usually employed to improve silica
ﬁlms for hydrophobicity [23–26]. Furthermore, thewettability of the sil-
ica ﬁlm can be tunable by altering the surface roughness [27–29]. And,
usually, the silica ﬁlm with large roughness and low surface energy
could reach the weak wettability. However, the overlarge roughness
may also lead to light scattering which is fatal to AR effects [30].
In this paper, the multifunctional silica AR ﬁlm was prepared by
using base catalyzed process to obtain SiO2-NPs ﬁrst, and then by twin-
ing SiO2-NPs with SiO2-LPs yielded from acid catalyzed process. The in-
troduction of the template agent further improved the ﬁlm
transmittance and slightly modiﬁed the ﬁlm surface structures. TMCS
treatment for AR ﬁlm surfaces was also employed to provide ﬁlms
with hydrophobicity and better their durability and practicality.2. Experimental
Fig. 1 shows themain procedure of thepreparation of silica sols. Dur-
ing the process, TEOSwas used as precursor, ammonia and hydrochloric
acid as catalysts, absolute alcohol as solvent and CTAB as template
agent. All the regents were analytical grade and purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).2.1. Preparation of SiO2-NP sol
According to Stöber method, absolute alcohol, deionized water and
concentrated ammoniawere ﬁrstmixed.With themixture being stirred
for 5 min, TEOS was rapidly added to the mixture and stirred for 6 h at
30 °C. The ﬁnal mole ratio of EtOH:H2O:NH3 · H2O:TEOS was
37:1.2:0.8:1. The resultant sol was aged in sealed beaker at 25 °C for
3 days. The sol was then reﬂuxed for 12 h to removeNH3. This nanopar-
ticle sol was coded as sol-A.Another Sol
2O, HCl, TEOS 
Stirring and 
then Aging 
Stirring Sol-D 
Sol-C 
reparation of the silica sols.
Fig. 2.Transmittances of uncoated glass (a), SiO2-NPsﬁlm (b),ﬁlmwithmole ratio of SiO2-
LPs to SiO2-NPs equals to 0.3 (c), 0.5 (d), 0.6 (e), 0.7 (f), 0.8 (g) and SiO2-LPs ﬁlm (h).
Table 1
Hardness of ﬁlms with different mole ratios of SiO2-LPs to SiO2-NPs.
SiO2-LPs:NPs 0:1 0.3:1 0.5:1 0.6:1 0.7:1 0.8:1 1:0
Pencil hardness b6B F 2H 4H 6H 6H 6H
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Hydrochloric acidwasﬁrst added to sol-A to generate acidic reaction
condition. Then deionized water was added and stirred for 5 min. At
last, TEOS were dropwise added by 30%, 50%, 60%, 70% and 80% in pro-
portions to the total SiO2-NPs of sol-A, assuming that 1 mol of TEOS
gives 1 mol of SiO2-NPs, respectively. The ﬁnal mole ratio of HCl:H2O:
TEOS was 0.03:4:1. The new sols were stirred for 6 h at 30 °C and
aged in sealed beakers at 25 °C for 5 days to allow SiO2-LPs to grow
and twine SiO2-NPs. To make a contrast to the ﬁlm from sol-A, the
one-step acid catalyzed sol with the same silica concentration was
also prepared, and, namely, the ﬁnal molar ratio of EtOH:HCl:H2O:
TEOS was 37:0.03:4:1. The acid sols were coded as sol-B and sol-C, re-
spectively. To introduce template agent, CTAB was added to sol-B with
different molar ratio to TEOS that generated SiO2-LPs. This templating
sol was coded as sol-D.
2.3. Cleaning procedure for the substrates
The procedure for cleaning up the substrates was operated as fol-
lows: the 3 mm-thick borosilicate glass substrates (100 × 25 mm2)
were successively treated in basic solution and acid solution by
ultrasonic for an hour. The mixed basic and acid washing solutions
had the volume ratio of H2O:H2O2:NH3 · H2O = 5:1:1 and H2O:H2O2:
HCl = 5:1:1, respectively. Then the substrateswere completely cleaned
up by deionized water and alcohol. Well cleaned substrates were dried
off by blowing with N2.
2.4. Dip-coating and hydrochloric modifying of AR ﬁlms
All the aged sols were respectively deposited on well-cleaned sub-
strates by the dip-coating process at a withdrawal rate of 80 mm/min.
The deposited ﬁlms were then dried at 75 °C for half an hour and
followed by calcinations with 3 °C/min heating rate to 400 °C and insu-
lation for 2 h in air. When the samples were cooled down naturally to
ambient temperature, they were immersed in TMCS solution (10 wt.%
in ethanol) for 24 h to replace the hydroxyl groups [24], and then im-
mersed in ethanol solution for half an hour. Finally, samples were
baked at 75 °C for 1 h to remove the solvent.
2.5. Characterization of silica ﬁlms
The transmission spectra in the wavelength range of 400–800 nm
were measured by an UV–vis spectrophotometer (Shimadzu, UV-
1700). For the absence of a recognized standard for measuring the me-
chanical strength of the soft inorganic ﬁlm [11,24], the abrasion-
resistance was evaluated both by pencil hardness test and by rubbing
test in this process.Water contact angles weremeasured by a KRŰSS in-
strument (Germany, DSA25). The water droplet used for the measure-
ment was 3 μL. The surface morphologies and roughness of coated
samples were characterized by atomic force microscopy (Veeco,
NanoMan VS) and ﬁeld emission scanning electron microscopy
(CarlZeiss, SUPRA55).
3. Results and discussion
3.1. Effects of entwining structure on the property of SiO2-LP/NP ﬁlms
Fig. 2 shows the transmittance spectra in the wavelength range of
400–800 nm for ﬁlms with different mole ratios of SiO2-LPs to SiO2-
NPs on glass substrates. The average transmittance of substrate is
about 91.5% in the visible wavelength range (Fig. 2a). Experimental re-
sults indicate that the ﬁlm from SiO2-NP sol catalyzed by base exhibits
the best antireﬂective effect (Fig. 2b), while the ﬁlm from SiO2-LP sol
catalyzed by acid shows the poorest (Fig. 2f). Meanwhile, the transmit-
tance of SiO2-LP/NP composite ﬁlm decreases with the increasing moleratio of SiO2-LPs to SiO2-NPs (Fig. 2c to g) and when the mole ratio is
0.8:1, the average transmittance of the composite ﬁlm has almost
come down as much as that of SiO2-LP ﬁlm.
The pencil hardness test results of the ﬁlms from SiO2-NP sol, SiO2-
LP/NP composite sols and SiO2-LP sol are shown in Table 1. Hardness
test was carried out by using pencils with hardness ranging from 6B to
6H. The ﬂat end of the pencil was placed on the ﬁlm at a 45° angle to
the surface with a loading of 9.8 N [31]. The ﬁrst pencil that scratches
the surface is reported as the hardness value, according to the ASTM
StandardD 3363-00. The existence of the scratcheswas observed by op-
tical microscope. As shown in Fig. 3a, scratches on the ﬁlm catalyzed by
the base were clearly evident even if the pencil for test was 6B, the
softest pencil in this test. Therefore, the pencil hardness value of the
base catalyzed ﬁlm was less than 6B. With SiO2-LPs being introduced,
the hardness has obviously reached F (Fig. 3b) when the moles of
SiO2-LPs were just 30% to that of SiO2-NPs, raising 6 grades. The hard-
ness successively enhances with the increasing introduction of SiO2-
LPs. The hardness reached 6H when the mole ratio came to 0.7:1
(Fig. 3c), and the same hardness value indicated that its anti-abrasion
property was, at least, as good as that of SiO2-LP ﬁlm. In consideration
of the more loss of transmittance caused by the excessive SiO2-LPs, the
ratio 0.7:1 was selected to balance the abrasion-resistant property
with the antireﬂective effects.
The differences of the abrasion-resistant property and antireﬂective
effects among ﬁlms from different silica sols were brought about by dif-
ferent structural forms of sols. Three structural forms of the above-
mentioned sols and coated ﬁlms can be represented as Fig. 4 shows.
In the base catalyzed process, TEOS usually yield to independent
clusters, which are composed of nanoparticles without interface chem-
ical forces. Meanwhile, these clusters sometimes bring about low specif-
ic surface, leading to fewer points to combine with glass substrate. As a
result, the absence of enough combination points restraints the chances
to create binding force between ﬁlm and substrate. Besides, the ﬁlm
from SiO2-NPs is always rich in pores and loose structures which are
Fig. 3. Scratches for SiO2-NPs ﬁlm (a) with 6B pencil; 30% SiO2-LPs ﬁlm (b) with F pencil and 70% SiO2-LPs ﬁlm (c) with 6H pencil (magniﬁed by 40 times).
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Eq. (1):
n2pc ¼ n2dc−1
 
1−P=100ð Þ ð1Þ
in which npc and ndc are the refractive index of the porous and dense sil-
ica coating respectively and P is the percentage of porosity, and the in-
crease of P would effectively lower the refractive index and enhance
the transmittance of ﬁlms [32,33]. Thus, ﬁlms from SiO2-NPs tend to
demonstrate good AR functions. Distinct from base catalyzed process,
acid catalyzed process usually generates linear silica polymers with
smaller sizes, which easily give rise to chemical bonds condensation be-
tween silica ﬁlm and glass substrate because of larger contact area and
active residual oxyethyl groups of polymers. Meanwhile, the way of
polymers combination among themselves gives the ﬁlm strong internal
cross-linked chemical bonds, providing extremely dense structure but
high refractive index and poor AR effects. Surprisingly, twining SiO2-Fig. 4. Schematic diagram of ﬁlm forming process from SiO2-NPs (a), SiO2-LPs (b), and
SiO2-LPs/NPs composite sol (c).NPs from sol catalyzed by base process with SiO2-LPs catalyzed by acid
process can both obtain solid structure and remain certain porosity si-
multaneously. This method that catalyzes TEOS in nanoparticle sol
under acidic circumstance to create chain and sphere structures with
chemical bonds would effectively enhance the abrasion-resistance
property of the ﬁlm from SiO2-NPs. Besides, the existence of SiO2-NPs
always leaves the chance to produce pore structures. Thus, the ﬁlm
from SiO2-LP/NP composite sol shows good adhesive property and re-
tains certain AR effects concurrently.3.2. Effects of template agent on transmittance and abrasion-resistance
property of SiO2-LP/NP composite AR ﬁlms
SiO2-LP/NP ﬁlm with 0.7:1 mol ratio of SiO2-LPs to SiO2-NPs has ob-
tained excellent abrasion-resistance property, but its average transmit-
tance is only 95.2%, as shown in Fig. 5b. The increase of average
transmittance is always proportional to the porosity of ﬁlm when the
ﬁlm thickness is ﬁxed in about a quarter of the incident light wave-
length, according to Eq. (1). Although it is available to increase the con-
tent of SiO2-NPs in composite ﬁlm to enrich pore structures, their
abrasion-resistance declines seriously. However, template agent intro-
duction is a masterly and feasible method to construct pore structures
by occupying the space during the sol–gel coating process and then be
removed by heat treatment [31]. Consequently, CTAB was used as
pore-forming agent successfully in this study. The experimental results
indicated that the transmittance had obviously increased when CTAB
introduced was just 6% the mole of SiO2-LPs (Fig. 5c). Meanwhile, anti-
reﬂective effects were promoted step by step with the increase of tem-
plate agent (Fig. 5d, e). However, excessive CTAB addition, 18% of the
mole of SiO2-LPs, led to excessive porosity and declining the orderingFig. 5. Transmittances of uncoated glass (a) and ﬁlm with different mole ratio of CTAB to
SiO2-LPs, 0:1 (b), 0.06:1 (c), 0.12:1 (d), 0.15:1 (e) and 0.18:1 (f).
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rioration of AR effects (Fig. 5f). Therefore, according to the results of the
experiment, 12% of the mole of SiO2-LPs is the best ratio to improve
transmittance for SiO2-LP/NP composite ﬁlm and the peak and the aver-
age transmittance are 99.3% at 620 nm and 98.4% respectively. The av-
erage transmittance increases by 3.2% compared with the composite
ﬁlm without any CTAB introduction and increases by 7% compared
with bare glass substrate, displaying remarkable AR effects.
The porous composite ﬁlm with CTAB introduction which exhibited
best transmittance was tested by pencil hardness tester in the same
way. The test result shows its hardness is 5H, with one rank lower to
the ﬁlm before template introduction. This may be caused by the slight-
ly loosened structure resulting from new pore structures created by
CTAB. To get further indication of the ﬁlm abrasion-resistance, the rub-
bing test was also conducted. For the rubbing test, namely, rub the coat-
ing 100 times with cotton balls immersed with some ethanol and dust;
and, then, compare the transmittance spectra before and after rubbing.
Fig. 6a demonstrates the transmittance spectra before and after 100
times rubbing. The composite ﬁlm before CTAB introduction, for the
contrast of the whole transmittance spectra in the wavelength range
of 400–800 nm, was also evaluated through rubbing test, as shown in
Fig. 6b. Both of the transmittances of the porous composite ﬁlm and
the compositeﬁlmdecreased just a little, undoubtedly, the result of rub-
bing test corresponds to that of the hardness test. Furthermore, the po-
rous composite ﬁlm with much higher transmittance is rather in
noticeable.3.3. Relationships of surface morphologies with the abrasion-resistance
property and hydrophobicity of AR ﬁlms
The surface morphology was characterized by atomic force micros-
copy (AFM). Different surface morphology images for ﬁlms are shown
in Fig. 7. The ﬁlm from simple SiO2-NP sol appears with loose structure
and concave–convex morphology (Fig. 7a). The appearance may be de-
termined by the stack of massive SiO2-NP clusters that were generated
in the solvent evaporation process of coating procedure. For lacking of
strong chemical bonds between clusters or nanoparticles, the ﬁlm
from base catalyzed silica sol shows extremely poor abrasion-
resistance property. While in acid catalyzed process, the growth of the
polysilicates turns out to be linear polymers with smaller granular
sizes. The ﬁlm from simple SiO2-LP sol appears extremely dense and
smooth with no ﬂuctuations or uneven structures (Fig. 7d). The surface
morphology feature of SiO2-LP/NP composite ﬁlm is a comprehensiveFig. 6. Transmittance of the porous SiO2-LPs/NPs ﬁlm (a) and the SiO2-LPs/NPs composite
ﬁlm (b) before and after rubbing.suite of SiO2-NPs and SiO2-LPs (Fig. 7b). It is unexpected that the
abrasion-resistance property of composite ﬁlm is more inclined to that
of the ﬁlm from SiO2-LPs. For SiO2-LP/NP composite sol, the twining
mode, on one hand, strengthens the binding forces between two
forms of silica by strong chemical bonds, instead of weak physical
bonds; on the other hand, the chain and sphere structure creates after
twining and condensation of silanol groups, which prevents the exis-
tence of SiO2-NP clusters or nanoparticles from being greatly raised on
the surface. The combination of SiO2-LPs and SiO2-NPs tends to make
the surfaces of composite AR ﬁlms tend to be a little smooth and homo-
geneous, which beneﬁts the improvement in abrasion-resistance
property.
To further explore the evidences of above inferred reasons for great
improvement in abrasion-resistance property after the introduction of
SiO2-LPs to SiO2-NPs, FESEM instrument was also employed to charac-
terize the surface and cross section morphologies of ﬁlms before and
after SiO2-LPs introduction, as shown in Fig. 8. The surface for SiO2-LP/
NP composite ﬁlm was obviously denser than that of SiO2-NPs, which
means the dense SiO2-LPs had ﬁlled up the ﬁlm and fastened the silica
nanoparticles with the ﬁlm. Furthermore, the silica clusters almost dis-
appeared according to the observation of the cross section morphol-
ogies after and before SiO2-LPs introduction. The disappearance of
silica clustersmay be caused by different feedmethods in the synthesiz-
ing process of composite sol. The composite sol, prepared by directly
adding TEOS to acidic SiO2-NP sol rather than simply mixing the resul-
tant SiO2-LP sol and SiO2-NP sol, greatly reduced the chance of the gen-
eration of clusters from silica nanoparticles. Usually, the cross section
morphology can stand for the inner structure of ﬁlm, to some extent.
Therefore, the results of FESEM tests could well correspond to that of
AFM analysis.
In general, the pore size of porous silica ﬁlm, deriving from the sol–
gel process byusingCTAB as template agent, ranges from2 to 3 nm [34].
As shown in Fig. 7c, themorphology of porous compositeﬁlmwith tem-
plate agent introduction does not appear to have any variations com-
pared with Fig. 7b. The small pore size seemed little affecting on the
integral structure and maintained the abrasion-resistance property of
SiO2-LP/NP composite ﬁlm, for which, the pencil hardness was 5H.
Although aforementioned porous composite ﬁlm has been equipped
with both AR effects and abrasion-resistance, it also needs to possess
good hydrophobicity to resist the penetration of water vapor and the
adsorption of contaminants in the air to preserve the stable AR effects
for longer. Usually, the hydrophobic nature of the coating surface can
be quantiﬁed by measuring the contact angle of water droplet (WCA)
with the surface [35]. For SiO2-NP ﬁlm, WCA before TMCS treatment
was just 6°, a super-hydrophilicity surface. WCA measuring results of
differentﬁlms after TMCS treatment are listed in Table 2. The data reveal
that WCAs of SiO2-NP ﬁlms after TMCS treatment rose to 126°, indicat-
ing a signiﬁcant increase in hydrophobicity. However, WCA of TMCS
treated ﬁlm from SiO2-LPs was merely 62°. The big difference of hydro-
phobicity between the above twoﬁlms is closely related to the roughness,
and the value of roughness is determined by the surface morphology of
the ﬁlm. As shown in Fig. 7a, the concave–convex morphology of SiO2-
NP ﬁlm piled up by nanoparticle clusters constructed the roughness,
and the Rq value was as high as 6.26 nm. While the surfaces for SiO2-
LP/NP composite ﬁlms before and after CTAB introduction become a bit
smoother, of which Rq decreased to 2.96 and 3.31 nm, respectively, the
rough concave–convex morphologies had been well preserved and
WCAswere almost as high as that of SiO2-NP ﬁlm. Besides, with the intro-
duction of CTAB, the Rmax value of the porous composite ﬁlm decreased
from 35.5 nm to 30.5 nm, a decrease in the height of peak to valley.
Meanwhile, the new produced pores roughed the composite ﬁlm surface
and increased the value of Rq from 2.96 nm to 3.31 nm and Ra from
2.34 nm to 2.63 nm. Thus, it may be concluded that the introduction of
the template CTAB assuaged the clusters with relatively large sizes and
improved the roughness by abundant mesoporous with relatively small
sizes. The former was beneﬁcial to abrasion-resistance, while the later
Fig. 7. Images of 3D-AFM morphologies of SiO2-NPs ﬁlm (a); SiO2-LPs/NPs ﬁlm (b), porous SiO2-LPs/NPs ﬁlm (c) and SiO2-LPs ﬁlm (d).
523X. Meng et al. / Surface & Coatings Technology 236 (2013) 518–524was beneﬁcial to hydrophobicity. As for SiO2-LP ﬁlm, the surface is
extremely dense and smooth and its Rq value was just 0.230 nm, which
certainly leads extremely poor hydrophobicity. In summary, the ﬁlms
from the sols that contain silica nanoparticles tend to have large WCA
because of the relatively large roughness of the surface, which promoted
by the particle cumulate structures formed in the coating process.
4. Conclusions
A composite silica solwas prepared by the acid catalyzed process op-
erated in silica nanoparticle sol. This procedure promoted the formationFig. 8. FESEM surface images of SiO2-NPs ﬁlm (a) and SiO2-LPs/NPs ﬁlm (c). Crof twining structures by chemical bonds between SiO2-LPs in acid cata-
lyzed process and SiO2-NPs in base catalyzed process. The generation of
SiO2-LPs dramatically enhanced the abrasion-resistance property of
SiO2-NP ﬁlm greatly. The introduction of template agent CTAB into
SiO2-LP/NP composite sol could further improve the AR effects of the
abrasion-resistant composite ﬁlm. The porous composite ﬁlm with ra-
tios of nLP:nNPs = 0.7:1 and nCTAB:nLPs = 0.15:1 exhibits excellent AR
effects with 99.3% peak and 98.4% average transmittance. The pencil
hardness of the ﬁlm also reaches 5H and only a little transmittance de-
cline occurs after 100 times rubbing, displaying remarkable abrasion-
resistance property. TMCS treatment is proved to be a feasible way tooss section morphologies of SiO2-NPs ﬁlm (b) and SiO2-LPs/NPs ﬁlm (d).
Table 2
Roughness parameters and WCA of different ﬁlms treated by TMCS.
SiO2-NP ﬁlm SiO2-LP/NP ﬁlm Porous SiO2-LP/NP ﬁlm SiO2-LP ﬁlm
Rq (nm) 6.26 2.96 3.31 0.230
Ra (nm) 4.96 2.34 2.63 0.182
Rmax (nm) 50.3 35.5 30.5 2.97
WCA (°) 126 118 120 62
Where Rq is the root mean square (RMS) roughness, the most widely used amplitude
roughness parameter; Ra is the mean deviation of height; Rmax is the height of peak to
valley.
524 X. Meng et al. / Surface & Coatings Technology 236 (2013) 518–524alter the hydrophobicity of the objective ﬁlm from 6° to 120° and en-
hance the stability. All the results have proved that the multiple perfor-
manceswouldwellmeet the needs of practical application inwild harsh
environments.
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